Peroxynitrite anion is a reactive nitrogen species formed in vivo by the rapid, controlled diffusion reaction between nitric oxide and superoxide radicals. By reacting with several biological molecules, peroxynitrite may cause important cellular and tissue deleterious effects, which have been associated with many diseases. In this work, an automated flow-based procedure for the in vitro generation of peroxynitrite and subsequent screening of the scavenging activity of selected compounds is developed. This procedure involves a multipumping flow system (MPFS) and exploits the ability of compounds such as lipoic acid, dihydrolipoic acid, cysteine, reduced glutathione, oxidized glutathione, sulindac, and sulindac sulfone to inhibit the chemiluminescent reaction of luminol with peroxynitrite under physiological simulated conditions. Peroxynitrite was generated in the MPFS by the online reaction of acidified hydrogen peroxide with nitrite, followed by a subsequent stabilization by merging with a sodium hydroxide solution to rapidly quench the developing reaction. The pulsed flow and the timed synchronized insertion of sample and reagent solutions provided by the MPFS ensure the establishment of the reaction zone only inside the flow cell, thus allowing maximum chemiluminescence emission detection. The results obtained for the assayed compounds show that, with the exception of oxidized glutathione, all are highly potent scavengers of peroxynitrite at the studied concentrations. (Journal of Biomolecular Screening 2007:875-880) 
1 This reaction is extremely fast as well as biologically significant because it transforms these 2 free radicals into a much more reactive species. 2 Under physiological conditions, ONOO -is in equilibrium with the protonated form, ONOOH, and it has a lifetime of less than 1 s, yielding oxidizing and nitrating species, namely, hydroxyl radical (HO · ) and · NO 2 . 3 At physiological conditions, ONOO -also reacts rapidly with carbon dioxide (CO 2 ), with formation of an adduct, the nitrosoperoxycarbonate anion (ONOOCO 2 -).
3 ONOOCO 2 -rapidly decomposes into oxidizing and nitrating species such as NO 3 -and the . NO 2 and CO 3 -radicals.
2 ONOO -and its derivative intermediates are involved in many reactions of oxidation and nitration, causing cellular damage such as oxidation of thiol proteins 4 and lipids, 5 induction of singlestrand DNA breaks, 6 and nitration of DNA 6 and amino acid residues of proteins. 4 For this reason, ONOO -has been implicated in many pathological conditions such as inflammation, ischemia-reperfusion injury, cardiovascular diseases, cancer, asthma, diabetes, and neurodegenerative diseases such as Alzheimer's disease and Parkinson's disease. [1] [2] [3] The ONOO -pathophysiologic relevance has prompted the development of several methods for its synthesis and simultaneously for its detection and quantification. The synthesis of ONOO -from nitrite and hydrogen peroxide seems to be a straightforward and useful pathway for ONOO -formation at high yields and with a minimum of contaminants. 7 A variety of other methods for ONOO -synthesis are also reported such as photolysis and pulse radiolysis of nitrate, 8 ozonation of azide, 9 autoxidation of hydroxylamine, 10 and .
NO reaction with O 2 .-radical.
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However, most of these methods have limitations, as the ONOO -produced may contain excess alkali, unreacted starting material, and decomposition products. For ONOO -detection and quantification, several methods have been reported, mostly based on oxidation reactions mediated by ONOO -, with detection based both on fluorescence [12] [13] [14] and chemiluminescence. [15] [16] [17] Detection of ONOO -footprints in biological systems, such as 3-nitrotyrosine formation, has also been reported. 18 The pathophysiologic relevance of ONOO -has also prompted the development of several methods for evaluation of the scavenging ONOO -activity by different compounds. [19] [20] [21] [22] [23] The reported methods, generally based on manual discrete methods, involve the use of single cuvettes or multiwell microplate detectors and exploit the ability of the different compounds to inhibit the oxidation reactions mediated by ONOO -. In addition to the low automation level, the reported methods are generally timeconsuming, laborious, and costly and are also susceptible to operational errors such as inadequate sample/reagent mixing and short time reaction prior to detection.
In this regard, multipumping flow systems (MPFS), recently proposed as a new strategy for the automated handling of sample and reagent solutions, may be an advantageous alternative as they enable implementation of fast, low-cost, and reliable analytical procedures. 24 MPFS are computer-controlled systems based on the use of multiple solenoid-actuated micropumps as the only manifold active devices. The micropumps are used for solutions propelling, sample/reagent insertion, and manifold commutation. Moreover, inherent to each micropump actuation is a pulsed flowing stream, which promotes samplereagent mixing, contributing to a faster and enhanced reaction development. This aspect becomes particularly attractive when considering sample and reagents mixing within the detector flow cell and the monitoring of short-lived chemiluminescence (CL) emissions as occurs with the proposed procedure.
Taking advantage of the referred mixing potential and the operational simplicity of MPFS, an automated flow-based procedure for in vitro screening of ONOO -scavengers was developed. The developed procedure, based on the inhibitory effect of the chemiluminescence reaction of luminol with ONOO -, was applied to the compounds lipoic acid (LA), dihydrolipoic acid (DHLA), cysteine, reduced glutathione (GSH), oxidized glutathione (GSSG), sulindac, and sulindac sulfone under physiological simulated conditions. ONOO -was generated in the MPFS by the online reaction of acidified hydrogen peroxide with nitrite and by quenching the reaction with sodium hydroxide for peroxynitrite stabilization. 
MATERIALS AND METHODS

Reagents
All chemicals were of analytical reagent grade, and doubly deionized water (conductivity <0.1 µScm -3 mol L -1 stock solutions of sulindac (Sigma) and sulindac sulfone (Sigma) were prepared by weighing and dissolving the required amount of solid in the phosphate buffer (either with or without bicarbonate). The working solutions were prepared by dilution of the above stock solutions in the same buffer.
The working solutions of dihydrolipoic acid were prepared by dilution of a commercial dihydrolipoic acid solution (DHLA; Sigma) of 25 mg mL -1 in the above-mentioned phosphate buffer solutions.
Apparatus
CL measurements were performed with a Camspec CL-2 chemiluminescence detector (Cambridge, UK) equipped with a 3-port quartz flow cell (60-µL inner volume).
The Bio-Chem 090SP solenoid micropumps (Boonton, NJ) were of the fixed diaphragm displacement type and presented a stroke volume of 8 µL. A homemade ULN2003-based power drive was used to operate the micropumps under computer control. 24 Transmission lines were made of PTFE tubing (0.8 mm i.d.). Homemade end fittings, connectors, and confluence devices were also used.
Control of the analytical system, data acquisition, and processing were accomplished through a Pentium I-based computer equipped with a PC-LABcard model PCL-711B (Advantech, Milpitas, CA) interface card. Software was developed in Microsoft Quick-Basic 4.5.
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Flow manifold
The analytical flow manifold ( Fig. 1) was designed with 5 solenoid micropumps (P 1 to P 5 ) as the only active devices. The repetitive on/off switching of the micropumps created a pulsed flowing stream in which the pulse volume corresponded to the micropump stroke volume. 24 No specific sample insertion device was then required as the micropump P 2 allowed simultaneous sample insertion and propulsion. P 1 was used to insert and propel the luminol reagent solution, whereas P 3 , P 4 , and P 5 were used to insert and propel the NaNO 2 , acidified H 2 O 2 , and the NaOH solution, respectively.
The analytical cycle was started by pumping the NaOH solution through P 5 at a fixed pulse frequency to establish the baseline. Subsequently, by simultaneous operation of P 3 and P 4 , at a fixed pulse frequency, the NaNO 2 and the acidified H 2 O 2 solutions were inserted into the analytical path and merged at the confluence point Y. As a result, ONOO -was generated. Operation of P 3 and P 4 was alternated with simultaneous operation of P 1 and P 2 , which enabled the insertion and merging of the luminol and sample solutions at the confluence point X. By repeated and alternated operation of the micropumps (P 3 + P 4 and P 1 + P 2 ), the generated ONOO -was mixed with the luminol/ sample flowing stream inside the flow cell, allowing the development of the CL reaction.
Evaluation of the scavenging activity of the assayed compounds was accomplished in terms of the decrease of the monitored CL emission when compared to the blank signal, which corresponded to the maximum CL emission. The scavenging activity was expressed as the inhibition percentage (I%) of the ONOO --induced luminol oxidation and was calculated as I% = (CL blank -CL sample ) × 100/CL blank , where CL blank and CL sample correspond to the CL intensity in the absence and presence of the assayed compound, respectively. Another evaluated parameter, the compound concentration providing 50% inhibition (IC 50 ) of the ONOO --induced luminol oxidation, was estimated from the I% versus logC (compound concentration) plot.
RESULTS AND DISCUSSION
The automated flow system developed for in vitro screening of ONOO -scavengers was designed taking into consideration 3 complementary aspects: in-line synthesis of ONOO -by reaction of acidified hydrogen peroxide with nitrite, radical stabilization upon reaction with sodium hydroxide, 7 and scavenger activity assessment by monitoring the extension of inhibition of luminol oxidation. [15] [16] [17] The experimental procedure involved the optimization of the different flow-manifold parameters affecting system performance, such as sample volume, sampling strategy, sequence of reagent addition, flow rate, and reagent concentration. The main purpose was establishing conditions that enabled an initial analytical signal (blank reading) with a maximum intensity to expand the range of working concentrations favoring the monitoring of the CL response decrease in the presence of the assayed scavengers.
Physical parameters: sampling strategy, sample volume, and flow rate Considering that the maximum CL emission occurred immediately after mixing of the luminol reagent with ONOO -and that light intensity decayed to background level within a few seconds, 15 the flow manifold ( Fig. 1 ) was configured to put the luminol reagent in contact with the generated ONOO -only inside the detector's flow cell, thus improving sensitivity. As a result, ONOO -generation was accomplished by means of the insertion and previous merging of NaNO 2 with the acidified H 2 O 2 solution (confluence point Y, Fig. 1 ). An alkaline solution (NaOH solution) was also introduced in this confluence point for the conversion of the generated ONOOH into the more stable ONOO -. 7 The influence of the sequence of insertion of the NaOH solution was investigated either by the simultaneous insertion of NaOH, NaNO 2 , and acidified H 2 O 2 solutions or by the previous merging of NaNO 2 with acidified H 2 O 2 and subsequent transport of the formed reaction zone with the NaOH solution. It was verified that CL intensity was almost unaffected by the insertion strategy, which enabled the use of NaOH merely as a carrier solution. The sample solution could then be inserted either into the luminol or into the ONOO --generated flowing streams. Improved analytical features, namely, CL intensity and repeatability, were attained when the sample solution was previously merged with the luminol stream (confluence point X, Fig. 1) . Accordingly, the flow system was designed to permit the merging of sample with the luminol reagent stream, through the simultaneous actuation of P 2 and P 1 , and the merging of NaNO 2 with the acidified H 2 O 2 , through the simultaneous actuation of P 3 and P 4 . In these experiments, the number of assayed pulses for sample and luminol solutions and for NaNO 2 and acidified H 2 O 2 solutions was kept constant. In accordance, the solution volume, defined by the number of pulses and the micropump stroke volume (8 µL), remained unchanged.
Influence of sample volume on CL intensity was subsequently evaluated by inserting in the analytical path an increasing number of sample pulses, either by merging the sample/ luminol streams with NaNO 2 and acidified H 2 O 2 flowing streams (simultaneous actuation of P 1 , P 2 , P 3 , and P 4 ) or by intercalating (binary sampling) small plugs of the NaNO 2 sample/luminol flowing streams (alternated actuation of P 1 + P 2 and P 3 + P 4 ). It was verified that the CL intensity increased with the number of sample pulses (Fig. 2) . Between 5 and 11 pulses (corresponding to 40-to 88-µL volume) CL intensity was similar for both sampling strategies, whereas more than 11 pulses CL intensity was slightly higher for the binary sampling approach. With this strategy, a detector overload impairing detection was observed at more than 13 sample pulses, whereas with the merging sampling strategy, the detector overload was observed only above 15 pulses. Flow rate was another evaluated parameter because of its importance when fast CL reactions are implicated. In an MPFS, flow rate is determined by the pulse frequency and the micropump stroke volume. Pulse frequency is defined in terms of pulse time, which corresponds to the time interval between 2 consecutive pulses. 24 The influence of flow rate during sample insertion was evaluated by varying the pulse time between 0.2 and 0.6 s (corresponding to pulse frequencies of about 300 to 100 min -1 ). This study was performed by inserting 12 pulses of sample solution by means of the 2 sampling strategies previously referred. A similar behavior was observed for both strategies, with a slight enhancement in CL intensity for binary sampling. CL intensity increased up to a pulse time of 0.3 s (corresponding to a pulse frequency of 200 min -1 ) and then decreased. In view of the higher CL intensity, a pulse time of 0.3 s, corresponding to a flow rate of 1.6 mL min -1 for each solution during sample insertion, was selected. Moreover, it was observed that the insertion of 12 sample pulses by using binary sampling provided the most favorable analytical conditions in terms of sensitivity, reproducibility, and sampling rate.
Evaluation of the influence of the carrier flow rate was carried out by assaying pulse times between 0.2 and 0.6 s (pulse frequencies of about 300 to 100 min -1 ). It was verified that the CL intensity remained almost unaffected by the pulse time. In view of the higher sampling rate, a pulse time of 0.2 s, corresponding to a flow rate of 2.4 mL min -1 , was then selected. By increasing the length of the tubing placed between both confluence points, X and Y, and the detector (Fig. 1) , a significant decrease in the CL intensity was observed. Consequently, these confluence points were placed at the closest physical position with respect to the detector.
Chemical parameters
The influence of luminol concentration was evaluated between 1.6 × 10 -6 and 7.0 × 10 -6 mol L -1 , by preparing different luminol solutions in 0.1 mol L -1 NaOH. The obtained results showed that the CL intensity increased linearly with the luminol concentration, resulting in a detector overload close to 7.0 × 10 -6 mol L -1 . In view of the higher CL intensity, a 6.4 × 10 -6 mol L -1 luminol concentration was then selected for the subsequent experiments.
With respect to the NaOH solution used to prepare the luminol reagent, different concentrations were evaluated, ranging from 0.05 to 0.3 mol L -1 . It was verified that the CL intensity markedly decreased as the NaOH concentration increased. For the lowest concentration investigated (0.05 mol L -1 NaOH), a nearly detector's overload was observed. Following the same principle defined for luminol concentration, a 0.1 mol L -1 NaOH concentration was selected for subsequent experiments.
Another parameter that was assessed because of its importance in ONOO -generation was NaNO 2 concentration, which was investigated between 0.005 and 0.02 mol L -1
. It was verified that as NaNO 2 concentration increased, CL intensity exhibited a similar and pronounced increase, reaching a nondetection point (detector's overload) at concentration values greater than 0.01 mol L -1 . This value was then selected for further experiments. The H 2 O 2 concentration, also implicated in the ONOO -generation, was evaluated within 0.015 to 0.06 mol L -1 and by preparing the different solutions in 0.1 mol L -1 HCl. The results showed that the CL intensity linearly decreased as the H 2 O 2 concentration increased. For concentrations lower than 0.03 mol L -1 , an overloaded detector was observed. The obtained results may be explained by the H 2 O 2 decomposition in stronger alkaline solutions inhibiting the formation of ONOO -. 25 In view of the higher CL intensity, a 0.03 mol L -1 H 2 O 2 concentration was selected for the subsequent experiments.
The reaction of NaNO 2 with H 2 O 2 is favored in the presence of an acid acting as a catalyst. 7 To carry out the assessment of the most adequate acid concentration, different HCl solutions at concentration values ranging from 0.05 to 0.2 mol L -1 were used to prepare the H 2 O 2 solution. It was verified that CL intensity significantly increased with the HCl concentration, and for concentrations higher than 0.1 mol L -1 , the detector was overloaded. A 0.1-mol L -1 HCl concentration was then selected for H 2 O 2 solution preparation.
Under these conditions, the concentration of the ONOO -generated in the confluence point Y ( Regarding the NaOH carrier solution, enhanced conditions, namely in terms of CL intensity, were obtained by using a 0.1-mol L -1 solution. For sample solution (phosphate buffer), a pH of 7.4 was selected to simulate the physiological conditions.
Evaluation of the ONOO -scavenging activity
After optimization, the developed flow system was applied in the evaluation of the ONOO -scavenging activity of different compounds: LA, DHLA, cysteine, GSH, GSSG, sulindac, and sulindac sulfone.
Considering that under physiological conditions, as mentioned previously, ONOO -rapidly reacts with CO 2 , affecting ONOO -reactivity, evaluation of the ONOO -scavenging activity was also performed in the presence of 25 mmol L -1 NaHCO 3 . Taking into account that, for the optimized conditions, the blank CL intensity in the presence of 25 mmol L -1 NaHCO 3 overloaded the detector, the optimized parameters were readjusted without any physical reconfiguration of the flow manifold. This allowed the comparison of ONOO -scavenging activity in the absence and presence of NaHCO 3 . ONOO -scavenging activity was evaluated by means of the binary sampling strategy, but instead of the alternate insertion of 12 pulses of (sample + luminol) and (NaNO 2 + H 2 O 2 ), this investigation involved the insertion of only 10 pulses of each solution.
Each study (absence and presence of NaHCO 3 ) consisted of 4 experiments performed in triplicate. The obtained results (Table 1) showed that LA, DHLA, cysteine, GSH, sulindac, and sulindac sulfone were highly potent scavengers in the studied concentrations, in the absence and presence of NaHCO 3 . GSSG was devoid of any activity until a 10 mmol L -1 concentration. Most of the evaluated compounds presented a higher activity in the absence of NaHCO 3 .
For the developed flow system, the sampling rate was about 200 determinations per hour with a low sample and reagents consumption per determination: sample, 80 µL; luminol, 0.09 µg; NaNO 2 , 55.2 µg; and H 2 O 2 , 81.6 µg. By multiple analysis of solutions of the distinct compounds, the analytical system exhibited a good reproducibility with relative standard deviation values lower than 2.0% (n = 10). No baseline drift was observed during system operation.
CONCLUSION
The developed methodology is a valuable strategy for the in vitro generation of peroxynitrite and subsequent evaluation of potential scavengers and could be an advantageous alternative to the classical available procedures because it exhibits a higher degree of automation, thus lessening operator intervention and all eventual errors associated with this intervention. Moreover, it is simple, fast, and precise and exhibits low sample and reagent consumption and reduced waste generation.
The use of solenoid micropumps as the only manifold active devices greatly simplified the configuration and control of the developed analytical flow system. The easy implementation of the different solution-insertion strategies without requiring any physical reconfiguration of the flow manifold enabled the simple ONOO -generation, and this should be highlighted. Moreover, the pulsed nature of the flow produced by the micropumps' actuation, which contributes to a fast sample/reagent homogenization, enabled the sample and reagent mixing and the development of the CL reaction only inside the flow cell, allowing maximum CL emission detection. IC 50 values (mean ± SD) are expressed in mmol L -1 . LA = lipoic acid; I% = inhibition percentage; DHLA = dihydrolipoic acid; GSH = reduced glutathione; GSSG = oxidized glutathione; NA = no activity was found within the tested concentrations (up to 10 mmol L -1 ). a. Equation of the curve relating I% and logC (compound concentration, mmol L -1 ).
